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Abstract
An extensive assortment of HIP parameters have been altered on EBM fabricated Ti-6Al-4V and
have shown that cooling rates of 103 oC/min from temperatures above and below the beta
transus produced acicular alpha-prime martensite characteristic elongations < 10 %. Optimum
yield strength (0.9 GPa), UTS (1.0 GPa) and elongation (~14 %) were achieved for slow cooling
(at 102 oC/min) from 850 oC HIP which produced a dense, Widmanstatten alpha structure
within the retained, as-fabricated columnar grains by alpha-prime decomposition. These results
suggest that manipulation of AM process parameters to produce a small-grain, equiaxed
microstructure, HIPed below the beta transus and slow cooled, will have a wide range of
superior, isotropic mechanical properties corresponding to a Widmanstatten alpha microstructure
within the equiaxed grains. Also, Binder Jetting printing parameters for differing PSD’s of lowcost water-atomized 17-4 Stainless Steel were optimized in order to produce high dense parts.
Densities ranging from 94-97.5% were achieved, and issues of inhomogeneous porosity were
addressed using a fumed silica flow additive.
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Effects of Altered Hot Isostatic Pressing Parameters on Ti-6AL-4V
Chapter 1: Introduction
The advantages of Additive Manufacturing (AM) compared to conventional manufacturing
are well known. The efficiency of manufacturing, the mass customization potential, and the
potential for part intricacy all make AM a desirable candidate for multiple industries. Although
AM has a plethora of benefits, it does not come without its limitations. Electron Beam Melting
(EBM) for example, is an AM process that uses an electron beam to produce objects from
powdered materials using one or more lasers to selectively fuse or melt at the surface, layer upon
layer (as per ISO/ASTM 52900). EBM parts may develop defects directly related to the
parameters of the printing process including lack of fusion of powder particles, gas porosity,
cracking, and inhomogeneity in the microstructure. All of these defects can lead to premature
failure and reduce the mechanical performance of specimens.
A common post-processing technique that has been widely used to decrease porosity and
other defects in PBF parts as well as in castings is Hot Isostatic Pressing (HIP-ing). During this
process, parts are placed in an environment of high pressure and temperature in which density
increases as internal pores within the solid body collapse. The effect of conventional HIP-ing on
EBM Ti-6AL-4V (Ti64) has been thoroughly studied and it has been found that although
traditional HIP-ing techniques seal internal porosity and lessen the number of defects, the
standard HIP treatment of Ti64 parts results in decreased strength due to a coarsening of
microstructure. [1] So although HIP-ing carries the benefit of lessening microdefects, this is done
at the expense of the material’s mechanical properties. There have been studies that investigated
altering certain aspects of the HIP-ing process: a study performed by Eklund et.al. [2] lowered
the HIP-ing temperature and pressure, and Benzing et.al. [1] increased the HIP-ing temperature
while introducing a rapid quench and tempering.
1

In this chapter, HIP-ing processes are altered at an extent that previous research has not done.
Temperature, pressure, time in the chamber, and cooling rates are all changed, and the effects on
the mechanical properties and on microstructure are studied. It is vital to examine every aspect of
the HIP-ing process since the original parameters were developed for cast Ti64 before today’s
commercial AM processes existed and it is not obvious that these HIP parameters are optimal for
AM material [2]. These processes are vital in maximizing the mechanical potential in all PBF
parts.

1.2

Motivation

The motivation of this experimentation is to report the fabrication of EBM Ti-6V-4Al and study
the effects that different Hot Isostatic Pressing parameters have on microstructure and ultimately
mechanical properties. A study was performed guided by the following objectives.

1.3

Chapter Objectives

•

Manufacture Ti64 parts through EBM and apply HIP treatments.

•

Run mechanical testing on all parts (as-built and HIP-ed) to calculate mechanical.
properties

•

Characterize microstructures of Ti64 samples.

•

Analyze microstructure and associated mechanical properties.

2

Chapter 2: Literature Review

2.1

Material Extrusion

Material extrusion, also known as Fused Deposition Modeling (FDM), is generally what
comes to mind when most people think about 3D printing. As the name suggests, material is
heated and then extruded through a nozzle in a layer by layer fashion [3]. The name “FDM” was
trademarked by Stratasys in 1991, so names like fused filament fabrication (FFF) and material
extrusion came into use [4]. In this process, material is used in a spool of filament that is either
heated to above its glass transition temperatures (for amorphous materials), or above its melting
temperature (for semi crystalline polymers). A schematic of FDM is shown in Figure 1. Material
extrusion allows for the use of a large array of materials with different characteristics and
properties. Some examples of the most common materials used in material extrusion include
polylactic acid (PLA), acrylonitrile butadiene styrene (ABS), high impact polystyrene (HIPS),
styrene acrylonitrile (SAN), and polypropylene (PP) [5]. Other materials like chocolate and
metal and wood infused thermoplastics can also be used [4]. Compared to other AM processes,
material extrusion is low-cost, fast, and is also relatively easy to scale to large sizes. After a print
is finished, post-processing sometimes includes removing support material that was required to
complete the print.

3

Figure 1: Schematic of general material extrusion system [4].
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2.2

Material Jetting

Material Jetting is an AM process where a printhead deposits a photoreactive liquid
material layer by layer onto a build platform where that photoreactive material is then cured
using a UV light, shown in Figure 2. Material jetting can offer a very high level of printing
accuracy, able to print with layers as small as 0.013 mm, giving parts a very smooth surface
finish and with very small and highly accurate features [6]. Another strength of material jetting is
that this process is able to print in full color and use multiple materials in the same build since
the printhead usually incorporates multiple nozzles. The material jetting printing process starts
off with the liquid resin being heated to a certain temperature to achieve an optimal viscosity for
printing, then the printhead moves to position above the printing platform and beings to
selectively jet the liquid to the desired locations. From there, the UV light that is attached to the
printhead cures the first layer of material that was deposited [7]. Material Jetting utilizes support
material when necessary in order to complete prints. After the printing process is finished,
support material can be removed.

5

Figure 2: Schematic of Material Jetting process [7].

6

2.3

Binder Jetting

Binder jetting is the AM process where an inkjet printhead deposits liquid binder over a
powder bed layer-by-layer. Binder Jetting was originally known as three-dimensional printing
(3DP) was first invented at MIT and was later licensed to multiple companies for
commercialization [8]. The use of a printhead makes binder jetting similar to material jetting, but
in binder jetting most of the final mart material resides in the powder bed. A liquid binding agent
is deposited to glue powder particles together as well as to join preceding layers. Once a cross
section of a part is printed, a heating lamp hovers over the cross section to lightly cure the wet
binder. Then the powder bed is lowered by the desired layer thickness and more powder is
spread across the platform to prepare for the next layer. There a couple of different approaches to
deposit more powder onto the print bed. One common approach is to use a hopper with a sieve
attached that can selectively dump powder using ultrasonic vibrations. Another approach is to
have a bed of powder alongside the print bed. With this method, when the print bed lowers to
prepare for more powder, the powder supply section will raise by a specified amount and a
recoater will rake across and drag the powder towards to print bed side of the printer; this is the
approach shown in Figure 3. The recoater can either be static blade or a rotating cylinder that
also works to slightly compact the powder as it performs the spread. Once all layers are
complete, these “green parts” can be removed from the printer and placed into an oven for a final
cure to strengthen parts as much as possible to avoid breaking during later handling. After
curing, the green parts are depowdered either with delicate brushes or pressurized air and are
ready for further post-processing. Parts can either be infiltrated with another material, or they can
by sintered. The leftover powder after depowdering can be sieved and reused in future prints.
During the print, since parts are supported by the surrounding powder, supports are not

7

necessary. There are many different materials available for use in binder jetting including metals,
ceramics, sand, and others.

Figure 3:Schematic of binder jetting using powder supply alongside the print bed with a rotating recoater [9].

2.4

Powder Bed Fusion

Powder Bed Fusion (PBF) is a category of AM in which a heat source (electron beam or
laser) is used to fuse metal powder in a layer-by-layer manner to form a 3-dimmensional object.
In laser powder bed fusion (LPBF), laser beams scan over desired locations of the powder bed to
consolidate powder either through full melting of the powder [selective laser melting (SLM)], or
partial melting [selective laser sintering (SLS)] [10]. Similar to binder jetting, once a cross
section of an object is completed, the powder bed is lowered by the desired layer thickness, fresh
powder is spread over the area, and the printing process continues. In LPBF processes, the build
chamber is filled with inert gas (nitrogen or argon) during the printing process to protect from
8

oxidation. The flow of gas must be homogenous across the build to ensure that condensates from
the melting powder are removed from the build [10, 11]; a schematic shows the LPBF process in
Figure 5. Again, much like in binder jetting, PBF can either use a hopper that dumps powder
over the print bed, or it can use a supply of powder alongside the print bed. PBF also utilizes
either a static rake or a rotating cylinder for the spread of the powder. The parameters of the most
importance in the LPBF process include layer thickness, laser power, laser scanning speed, hatch
spacing, and particle size distribution. A chart of the different printing parameters is shown in
Figure 4. High thermal gradients rates and thus high cooling rates are typical of LPBF. This
results in non-homogenous microstructures that may need to be addressed by different heat
treatments for certain applications [12].

9

Figure 4: Most important parameters in the SLM process [10].
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Figure 5: Schematic of the SLM process [13].

The process that falls under PBF is called Electron Beam Melting (EBM). EBM was
developed by Arcam AB in Sweden. EBM and LPBF are very similar, but as the name suggests,
an electron beam is the energy source used to melt powder in EBM. Compared to LPBF
processes, EBM offers higher build rates due to increased penetration depth and higher scanning
speeds, but also has higher surface roughness than LPBF [14]. Another significant difference
between EBM and LPBF is that EBM is run under vacuum as opposed to inert gas. High vacuum
is important to avoid collisions between electrons and gas particles, it provides a clean
atmosphere for molten reactive materials, it helps removes impurities from the metal powders,
and it provides good thermal insulation [15]. The EBM process allows for elevated temperatures
in the build chamber (approximately 700°C). These high temperatures allow for reduced thermal
gradients and a reduction of thermally induced residual stresses [16]. A schematic of the EBM
process can be seen in Figure 6.

11

Figure 6: Schematic of the EBM process [17].
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2.5

Directed Energy Deposition

Directed Energy Deposition (DED) is a subcategory of AM in which objects are manufactured
by melting material in powder or wire form with a focused energy source (laser, electron beam,
or plasma arc) as it is deposited by a nozzle onto a surface [18,19], as outlined in Figure 7. The
nozzle head moves around a fixed point to create the desired object. If powder is used, it results
in a lower efficiency compared to wire because only of a portion of the powder added actually is
melted and becomes bonded to the desired area [20]. Powder DED systems often have inert gas
blown with the powder in order to reduce the oxidation rate of the melting powder. These
systems can also use multiple nozzles that allows for materials to mix and get functionally
graded materials [20, 21]. Much like EBM, electron beam DED required vacuum.

Figure 7: Schematic of laser DED (left) and electron beam DED (right) [20].
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Compared to PBF, the powders used in DED are typically larger in size and also require higher
energy density to melt [20, 22]; this results in faster build times but poorer surface finish that
may require further post-processing. Since DED does not use a powder bed, DED are often used
to perform repairs on existing parts.

2.6

Sheet Lamination

In 1991, sheet lamination was one of the first commercialized AM techniques and was
referred to as laminated object manufacturing [23]. As per ISO/ASTM 52900-2015, sheet
lamination is the AM process in which sheets of material are bonded to form a part [24], shown
in Figure 8. The method of lamination can be bonding, ultrasonic welding, brazing, or others,
and the final shape of the part can be achieved either through CNC machining or laser cutting
[25]. There are also classification of sheet lamination depending on the parts are formed. These
categories are broken up into the form then bond process and the bond then form process. In the
form then bond process, the sheets of material are first cut into the desired shape and then are
bonded together to form the 3D shape. In the bond then form process, sheets of material are first
bonded together and then cut to the desired shape.

14

Figure 8: Schematic of Sheet lamination using paper sheets cut by a CO2 laser [26].

2.7

Vat Photopolymerization

According to ISO/ASTM 52900-2015, Vat Photopolymerization (VP) is a process in
which liquid photopolymer in a vat is selectively cured by light-activated polymerization [24],
shown in Figure 9. In the 1980’s, Charles Hull discovered that solid polymer patterns could be
produced by exposing UV-curable materials to a scanning laser and solid 3D objects could be
fabricated by curing layer after layer of liquid photopolymers [27]. Hull referred to this process
as stereolithography. Now, there are two primary categories of VP, vector scan and mask
projection. The vector scan technique is a point-wise approach while mask projection is layerwise; it cures entire layers at a time [27].
15

Figure 9: Schematic of vector scan VP [27].
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2.8

Ti64 background

Ti-6Al-4V (Ti64) is a (𝛼 + 𝛽) alloy of titanium. At room temperature, the aluminum acts
as a hexagonal close packed (HCP) 𝛼 stabilizer and the vanadium acts as a body centered cubic
(BCC) 𝛽 stabilizer [28]. High strength titanium allows that are used for structural applications
are typically (𝛼 + 𝛽) alloys like Ti64. Because of its two-phase nature, the mechanical properties
of Ti64 are highly dependent on its microstructure, and through different heat treatments, various
microstructures are obtainable making Ti64 a very diverse alloy. Ti64 is the most common
titanium alloy seeing heavy use in the aerospace, marine, chemical, biomedical, and other
industries. Ti64 has exceptional corrosion resistance, creep resistance, retains its mechanical
properties at high temperatures, and has a low thermal coefficient of expansion.

Figure 10: Phase diagram of Ti64 (left) and its phase transformations as a function of cooling rates (right) [29]
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While Ti64 is heavily used in many industries, its production is not easy. Because of Ti64
poor thermal conductivity [30,31], its tendency to strain-harden [30,32], and its chemical
reactivity to oxygen [30, 33], it is difficult to manufacture. The traditional manufacturing
methods used to produce Ti64 are expensive, have long lead times, and produce a large amount
of waste [34]. Whenever these manufacturing issues are present, AM is a potential solution.
It is well known that a variety of mechanical properties can be achieved by the initial
LPBF and EBM fabrication of Ti64. While variations in the process parameters during a print
can change the thermal gradient and solidification rate that the titanium endures, there is a
stereotypical Ti64 microstructure that is intrinsic of the EBM process. A phase diagram and
phase transformation as a function of cooling rates can be seen in Figure 10. Previous studies
have measured the temperature in the molten pool during the EBM print and have found
temperatures ranging from 1900°C-2700°C [35-37]. Other studies measured the cooling rates
taking place and found rate from 10! -10" K/s [38]. As mention earlier, Ti64 is an a (𝛼 + 𝛽)
alloy at room temperature, but the phase transformations depend heavily on the temperature
history and the cooling rates of the manufacturing process [39]. 𝛼 + 𝛽 dual phase exists with
slow solidification, while fast solidification from above the 𝛽 transus temperature will result in
the formation of 𝛼′ martensite phase. Because of the typical cooling rate associated with AM, asbuilt SLM and DED Ti64 microstructure can be expected to be dominated by 𝛼′ martensite. But
the microstructure seen in as-built EBM Ti64 is different than SLM and DED due to the higher
build temperatures. EBM 𝛼-lath is about 1 micron thick. To achieve this on SLM built parts, they
would have to be subjected to heat treatment at EBM’s chamber temperature [40, 41]. The high
build temperature in EBM provides in-process heat treatment of 𝛼′ martensite which decomposes
into the equilibrium (𝛼 + 𝛽), or there may be a mixture of (𝛼 + 𝛽)/ 𝛼′ depending on build
temperature [42-44]. Studying these phase transformations is vital since these phases profoundly
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predict final material properties. As for grain shape, all PBF Ti64 samples are dominated by
columnar 𝛽 grain structure [30], like in the micrograph shown in Figure 11.

Figure 11: Typical columnar β grains within transformed (α+β) microstructure [38].
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2.9

Challenges in PBF

Every manufacturing process has its intrinsic limitations, and PBF is no different. Defects
in final parts will impact mechanical properties. One of the most prevalent defects that can occur
in PBF is porosity. Previous research has shown that pores can serve as initiation sites for
adiabatic shear bands and microcracks [45, 46]. While the printing process is capable of
producing highly dense parts with little porosity, unoptimized printing parameters can result in
porosity. Even under optimized printing parameters, Ackelid and Svensson [47] found 0.17%
porosity in as-built EBM parts. Within AM, the most common types of porosity are due to a lack
of fusion of the powder or entrapped gas within the powder. The lack of fusion pores are
generally larger than entrapped gas pores, and typically have an irregular shape with sharp
corners and are located at the border region between two different layers [30, 48, 49]. These
defects occur due to an insufficient energy used to melt the powder. When a force is applied to
specimens with lack of fusion porosity, stress concentrations can build up in the sharp corners of
the defect and lead to premature failure [30, 50]. While this sort of porosity will ruin the
mechanical performance of parts, it is avoidable through optimized printing parameters. The
other common type of porosity within PBF parts is caused by gas entrapped within the powder.
Gas porosity is easy to spot as it is spherical in shape and randomly distributed throughout the
build. An example of this circular porosity can be seen in Figure 12. Slowing down scan speed
can help alleviate the formation of gas porosity, but since these defects come from within the
powder itself, optimized printing parameters cannot prevent this sort of defect entirely. The best
way to avoid gas porosity is to use high quality dense metal powders and to avoid sponge-shaped
powders as these shapes tend to entrap gas during the atomization process [30, 51].
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Figure 12: Example of entrapped gas porosity in an SLM part (left) and in gas atomized Inconel powder (right)
[51].

Another aspect of all AM processes that must be considered are the non-isotropic
properties. While this is not necessarily a defect, it is an inherent byproduct of the layer by layer
manufacturing approach. As mentioned earlier, the typical as-built microstructure in EBM Ti64
are elongated 𝛽 grains. The anisotropic microstructure results in anisotropic mechanical
properties.

2.10

Hot Isostatic Pressing/heat treatments

The main use of Hot Isostatic Pressing (HIP-ing) is the removal of porosity. This process
uses high pressured inert gas along with high temperature to allow for plastic deformation and
diffusion to occur to seal internal pores. According to Atkinson and Davies [52], the pressure
during HIP is result from molecules of gas colliding with the object being HIP-ed; each gas
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molecules acts as a miniature “hot forge” and collide with the object at all angles to uniformly
apply pressure on the object.

Figure 13: Polished images of EBM Ti64 before HIP (left) and after (right [53]).

HIP-ing is a good technique to remove porosity and defects within parts. In Figure 13, the
porosity visible in a pre-HIP Ti64 sample is removed after HIP. It has been used extensively in
Ti64 castings to remove residual porosity and significantly improve fatigue life [54]. While HIPing does heal defects, it also imparts a lasting microstructural effect on parts. ASTM F2924-14
requires a HIP temperature between 895 °C -955 °C, a minimum pressure of 100 MPa, and a
hold time of two hours [53, 55]. These temperatures fall below the 𝛽 transus temperature [56],
which does not change the elongated columnar 𝛽 grain structure that results in anisotropic
properties. The ASTM HIP also coarsens the 𝛼 grain boundaries and leads to a decrease in the
ultimate and yield strength of the material due to the Hall- Petch Effect [38, 57, 58]. So, HIP can
improve performance by healing internal defects, but its effects on microstructure ultimately hurt
mechanical properties compared to as-built specimens with no defects [59]. While HIP is an
effective process at removing defects, if there is a need to have significant microstructural
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changes, then users must apply additional heat treatments. This is while it is worthwhile to
dissect the HIP process and determine if different temperatures, pressures, or hold times can be
applied to administer significant microstructural changes. Ideally, there should be a HIP-ing
process for Ti64 that leads to equiaxed prior-𝛽 grains, creates more homogenous mechanical
properties, removes defects, and leads to similar strength compared to as-built specimens [58].
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Chapter 3: Experimental Methods

3.1

Powder Feedstock
The powders used for fabrication were obtained from Carpenter (Philadelphia, USA) and

Praxair (Danbury, USA). The powder had a size distribution of ~ 45-100 μm with an average of
~ 70 μm as can be seen in Figure 14. This powder is also relatively spherical, shown in Figure 15
and in the SEM images in Figure 16. Analysis of the powder was done using the RETSCHCAMSIZER X2 (Haan, Germany). These powders were conventional gas atomized.
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Figure 14: PSD of gas-atomized Ti64

Figure 15: Compactness of the gas-atomized Ti64 powder used for fabrication
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Figure 16: SEM Images of Ti64 Powder

3.2

EBM Setup and Process Parameters

All fabrication was completed using the Arcam (Mölnlycke, Sweden) Q20 system. The Q20 has
a build envelop of 350x350x180 mm (0.15 m3) with a maximum beam power of 3kW using an
oriented, single crystal LaB6 cathode. Cylindrical test samples 10 mm in diameter and 100 mm in
length were fabricated by Honeywell Aerospace (Phoenix, USA). Four specimens were left in
the as-built condition as well as for every HIP variant. Table 1 lists the printing parameters used
on the Q20 system. It might be recalled that one of the more important build parameters is the
cooling rate, which is inversely proportional to exp(Q), where Q = beam power(accelerating
voltage x beam current/(scan speed x layer thickness x beam diameter) [60, 61].
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Table 1: Arcam Q20 Build Parameters

The Arcam Q20 build parameters are separated into two main categories. The first is the
“Pre Heat” in which a defocused beam semi-sinters the powder. “Focus offset” is used while
preheating and the “Heating Focus offset” is used when heating the desired area. Users can also
control the maximum beam current, average beam current, and beam speed within pre heat. The
second category in the build parameters is “Melt” in which the powder is melted. The current
and focus offset can be set for the outer contour, inner contour, and hatch of the build. Speed
function controls the beam speed and the beam current during a build; a higher number denotes a
higher speed. Lastly, the layer thickness can also be selected.
3.3

HIP Parameters

HIP treatments were separated into four different groups as shown in Table 2 as “as-built”,
“ASTM F2924 HIP”, “Above 𝛽 Transus HIP”, and “Low Temp HIP”. Under “Above 𝛽 Transus”
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and “Low Temp HIP”, there are also sub-variants that have differences in temperature, pressure,
time in the chamber, and cooling rate. The ramp rates of each HIP variation can be seen in Figure
17. The experimental conditions are specified by Variants 1 to 10; with Variant 1 being the EBM
as-fabricated, non-HIPed sample.
Table 2: HIP Parameters
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Figure 17: Ramp rates of the ASTM and Above β Transus HIP (a) and the Low Temperature HIP (b).
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3.5

Tensile Testing
Both samples of HIP-ed and as-built EBM Ti64 were subjected to axial tensile tests as

per ASTM E8 (Standard Test Methods for Tension Testing of Metallic Materials). Tensile tests
were performed on MTS Corporation’s (Eden Prairie, MN) Model 370 Servohydraulic system
with a 100 kN load cell with a straining rate of 0.015 mm/mm/min and with a 30 mm
extensometer. All tensile tests were performed at room temperature. Data collected from this
system was then used to solve for Yield Strength, Ultimate Tensile Strength (UTS), and ductility
(or Elongation in %).

3.6

Microstructure Characterization
Samples were sectioned at the threaded section of the test specimens into their X, Y, and

Z planes. They were then hot mounted with black phenolic powder in an ATMTM OPAL 460
mounting system (Haan, Germany). Mounted samples were then grinded and polished using an
ATMTM SAPHIR 530 semi-automatic grinder and polisher (Haan, Germany). Etching was
performed with Kroll’s reagent (100 mL water, 3 mL hydrofluoric acid, 6 mL nitric acid) by
submerging samples for approximately five seconds. Microstructure was observed on the
Olympus (Tokyo, Japan) GX53 inverted optical microscope (OM).

3.7

Grain Size Measurements
Grain size measurements were made using the intercept procedure (ASTM E 112-13);

using ImageJ software.
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3.8

Density Measurements

The volume of a section of every specimen was measured on an AccuPyc II 1340 gas
pycnometer (Norcross, United States). The mass of the same section of every specimen was
measured on a Sartorius CP124S weight balance (Sartorius AG, Germany). The mass values
were then divided by the measured volume values to calculate density.
3.9

Hardness Testing
The Struers Duramin-A300 (Ohio, USA) was used for hardness measurements in the

Rockwell C (HRC) scale of mounted specimens. Measurements were taken on top and bottom
sections and on the X, Y and Z planes. A 5-second dwell time indentation was used with a load
of 100gf. Four indentations were made on the surfaces of every specimen, separated by at least
one millimeter.
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Chapter 4: Results and Discussion
4.1

Analysis of Microstructure

Figure 18: Gas Porosity in non-HIP-ed Variant 1 Ti-64. Sectioned on the top portion of sample, X-plane, 50x
magnification.

In Figure 18, the porosity present in the as-built Variant 1 can be seen. This porosity likely stems
from entrapped gas in the powder from the atomization process. The measured density was
97.3%.
Figure 19 (a) shows an etched section of the as-fabricated component (Variant 1)
demonstrating elongated, columnar grains with assortments of acicular alpha-prime martensite,
shown at a higher magnified view in Figure 19 (b). The columnar grains are characteristic of
decreasing thermal gradient and increasing solidification rate [60, 61]. The intra-grain martensite
is the result of a high cooling rate (G/R) [60, 61]]. The columnar grains vary in width from < 50
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microns to > 500 microns; some exceeding 1 mm in length. The average grain width was
measured to be ~ 134 microns. The measured Rockwell C scale hardness (HRC) averaged 38
while the tensile yield stress, UTS and elongation were measured to be 0.94 GPa, 1.02 GPa, and
12.3 %, respectively for the EBM as-fabricated (Variant 1) samples. In spite of the porosity
shown in Fig. 18, the mechanical properties are consistent with those identified with desirable
properties for Ti64 AM components and commercial products [102,103]. However, the asfabricated components exhibit inhomogeneities as a consequence of the columnar grain structure.

Figure 20 shows the HIP microstructure for Variant 2 at a sub-beta transus temperature of 920
°C; with slow cooling (100 °C/min). The columnar grains have grown slightly to an average
width of ~ 170 microns while the as-fabricated, intra-grain, acicular martensite has decomposed
to irregular, short (~ 20 microns), acicular alpha and globular alpha. The corresponding
Rockwell C-scale hardness was reduced to 36 HRC, and the ductility was dramatically reduced
from the as-fabricated ductility of 12.3% to only 5.1 %; a nearly 60 % reduction.
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Figure 19: Micrograph of Variant 1.
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Figures 21 to 23 all show comparable microstructures consisting of very large, equiaxed
grains (~362 microns to 436 microns) with dense and often long, acicular alpha-prime martensite
for super-beta transus HIP with rapid (1000 °C/min) cooling (Variants 3 to 5 in Figure 19).
Figure 21 is noteworthy because it demonstrates the very prominent martensite lath intersections
at 90 ° in all of the grains shown in the image where the martensite etches dark. This unique
alpha-prime lath martensite microstructure results by {0001} (hcp) coincidence of the laths on
intersecting (0001) and (0-110) planes in a (2-1-10) surface of viewing plane in the images of
Figure 21. The alpha-prime lath widths in Figs. 21- 23 average <1 micron. The lath features
observed in Fig. 21 are also observed in the low and high magnification images of Figs. 22 and
23 (representing Variants 4 and 5, respectively), where the corresponding elongations
(ductilities) were measured to be 4.2% and 2.7%, respectively; in contrast to 5.1 % noted for
Variant 2 (Table 2) in Fig. 20, and 3.4 % elongation measured for Fig. 21. These ductilities are
all generally unacceptable for most engineering applications [62].
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Figure 20: Micrograph of Variant 2
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Figure 21: Optical Micrographs of Variant 3- large equiaxed grains and large platelets of α ʹin Ti-64 HIP-ed above
β transus temperature with rapid quench.
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Figure 22: Optical Micrographs of Variant 4
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Figure 23: Micrograph of Variant 5
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Figure 24 displaying the super-transus HIP Variant 6, shows a large, equiaxed grain
structure (~403-micron grain size) similar to Figs. 21-23, but with a very fine, random, acicular
alpha (with interfacial beta shown dark), resulting from the nearly complete alpha-prime
decomposition (alpha-prime ---->alpha/beta). The ductility increased to 7 % compared with 2.7
% for Variant 5 in Fig. 21. The alpha laths are also long, frequently stretching from grain
boundary to grain boundary, and have the width on average of the martensite laths in Figs. 2123. Dissimilarity to the dark appearance of the martensite laths, the alpha in Fig. 24 is white.
Figures 25 to 27 compare low and high magnification images of microstructures for sub-transus
(800 oC) HIP at 207 MPa pressure. At this HIP temperature, the as- fabricated columnar grain
structure is preserved, varying from 143, 189, and 138 microns grain size, respectively for Figs.
25-27. Figures 25 and 26 show primarily acicular alpha-prime martensite within the columnar
grains (Variants 7 and 8), while Fig. 27, corresponding to Variant 9 shows mostly short, acicular
alpha mixed with ~ 10 to 20 % alpha-prime. The measured ductilities (or elongations)
corresponding to the microstructures presented in Figs. 25 to 37 were measured to be 11.5, 13.6
and 11.6 %, respectively.
Finally, Fig. 28 shows low and high magnification microstructures corresponding to Variant 10
for sub-transus HIP at 850 oC. Here the retained, as-fabricated columnar grain structure contains
blocky alpha intermixed with coarser (~4 microns thick), segmented and Widmanstatten-like
alpha structure and small amounts of short, alpha-prime martensite. This microstructure
produced an optimum ductility of 14.3%, with corresponding tensile yield stress and UTS of 0.9
GPa and 1.0 GPa, respectively; essentially the same strength as the EBM as-fabricated Ti64
product, but with a 16 % increase in ductility along with a density of 99.4%.
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The assortment of microstructures illustrated in Figs. 19 to 28 are consistent with found in
literature for AM fabricated and post-process heat treated Ti64. In addition, Figs. 20 and 23 in
particular, illustrate the cooling rate sensitivity of acicular alpha- prime martensite or alpha (and
alpha/beta) production for post-process HIP treatment. However, optimum tensile properties
occur for retained columnar, prior-beta grain structures (Figs. 20 and 28). Significant work was
performed to modify the columnar grain structure to an equiaxed grain structure to assure more
homogeneous, isotropic, optimal mechanical properties, especially tensile properties in asfabricated, fully dense AM products [62].
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Figure 24: Variant 6 “Above β Transus HIP” with slower cooling rate of 100o C/min. Fine α platelets with large
equiaxed grains.
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Figure 25: Variant 7 “Below β Transus HIP” with slower cooling rate of 100o C/min. Large elongated grain
structure with fine and poorly-formed alpha.
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Figure 26: Micrograph of variant 8.
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Figure 27: Variant 9 “Below β Transus HIP” with faster cooling rate of 1000o C/min. Large elongated grain
structure with a mixture of fine and alpha and alpha-prime platelets.
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Figure 28: Micrograph of variant 10.
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4.2

Analysis of Mechanical Properties

Table 3 and associated Fig. 29 display the experimental variants and measured parameters and
mechanical properties corresponding to the microstructures recorded and compared in Figs. 19 to
28 above. It can be observed that the as-fabricated (Variant 1) Ti64 product and HIP Variants 7,
8 and 10 (all sub-transus post processed) display tensile properties above those generally
required for wrought Ti64 product applications: 0.83 GPa yield stress and > 10 % elongation
(ASTM B348); although all show retained columnar prior beta grain structure. Figure 29 (c)
shows the dramatic trough regime for reduced elongations for Variants 2 to 6 in particular [62].
Table 3: HIP parameters showing experimental variants and measured properties.
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Figure 29: Yield Strength (a), Ultimate Tensile Strength (b), and Elongation (c) of Variants 1-10. (Figure 32).

Post process HIP paired with rapid cooling (1000 oC/min) is not a good strategy, while subtransus HIP utilizing slow cooling produces a relatively fully dense product having superior
tensile properties. In addition, the overall HIP strategies outlined in Table 3 and Figure 29 point
to potentially more superior properties, including tensile, creep, toughness, etc. by more selective
control of the columnar-to-equiaxed grain structure either by thermal gradient/solidification rate
(G/R) control during EBM processing, or by altered HIP processing to produce a dense product
with equiaxed, small grain (~ 100 microns) structure containing acicular, small width (< 4
microns) (Widmanstatten) alpha. Both the equiaxed grain size and the acicular alpha width
contribute to a Hall-Petch type strengthening [63, 64], so the HIP process control of alpha
thickness is important [62].
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Chapter 5: Conclusions

In this study, the post processing HIP of Ti-6Al-4V alloy at temperatures above and below the
beta transus has been studied. This includes the extensive comparison of microstructures and
mechanical properties; for HIP-ending cooling rates of 10# and 10! °C/min. Both the asfabricated components and those HIPed below the beta transus (at 850 °C) and cooled at 10#
°C/min achieved yield strengths > 0.9 GPa, and elongations > 12 %. In the as-fabricated case,
columnar grains contained dense, acicular alpha-prime martensite <1 micron thick, while in the
HIP case, the retained columnar grain structure contained dense, and acicular Widmanstatten
alpha ~ 4 microns thick. In all cases involving rapid cooling (10! °C/min), acicular alpha-prime
martensite occurred in the grains; consistent with many other AM studies of Ti-6Al-4V. It would
appear from these observations that a wide range of superior, isotropic mechanical properties can
be achieved by manipulating AM processing (build) parameters to produce a small, equiaxed
grain structure product, and HIPed below the beta transus to achieve a dense, intra-grain
Widmanstatten alpha structure.
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Binder Jetting of Low-Cost Water Atomized 17-4 Stainless Steel

Chapter 6: Introduction

The benefits of AM are well established at this point. Through AM, things like geometrical
complexity, part consolidation, lead time reduction, and the reduction of waste are done at a level
that other manufacturing methods are not capable of doing. These strengths are the reason that
AM is able to have such an impact in industries such as aerospace, biomedical, oil and gas,
automotive, and many others. While the value that AM provides is undeniable, the technology is
not without its flaws. One of the most drastic flaws of most AM processes is the associated costs.
As of right now, many industries simply cannot afford to use this new technology for production
even though they can clearly benefit from what AM can offer. If the costs can be lowered, then
more industries can take advantage of AM. Although AM can cut costs by reducing the overall
development time of parts, raw material costs can be ten times as expensive per pound when
compared to the materials used in conventional manufacturing techniques [65]. In regard to AM
methods that use metal powders, gas-atomized (GA) powders are preferred due to spherical
shape. While these powders are preferred, they are more expensive. With the goal of dropping
production costs, there is much interest in the use of water-atomized (WA) powders. WA
powders are less spherical and are more irregular in their shape, but if they can be used in place
of GA powders, there could be a reduction in production costs of approximately 8% [66]. 17-4
Stainless steel is a martensitic precipitate hardened stainless steel that is seen in a multitude of
applications such as jet engine parts, oil field valve parts, and nuclear reactor components. 17-4
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is used in many different industries due to its good mechanical properties, corrosion resistance,
and its ease of fabrication [67, 69]. In this chapter, WA 17-4 Stainless Steel powders are used in
ExOne’s Innovent+ binder jetting printer and are sintered. Sintered parts are then sectioned,
mounted, polished, and their densities are compared to 17-4 stainless steel samples that used GA
powders.

6.2

Motivation

The motivation of this work is to find the optimal printing parameters for binder jetting 17-4
stainless steel WA powders in order to achieve the highest density samples. A study was
performed led by the following objectives

6.3

Chapter Objectives

•

Compare raw materials

•

Obtain the optimal printing and sintering parameters for the WA 17-4 stainless steel powder

•

Measure density and analyze optical micrographs of porosity in samples

•

Compare achievable densities and microstructure to what is found in literature with GA 17-4
Stainless steel powders.
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Chapter 7: Literature Review

7.1

Binder Jetting Cont.

As mentioned in Chapter 2, Binder Jetting is the AM process in which a liquid binder is
selectively deposited onto a bed of powder in a layer-by-layer fashion until a part is completed.
A schematic of the entire binder jetting process is shown in Figure 30. Unlike many of the other
AM process, binder jetting is generally considered to be economically scalable due to its
relatively high build rate, the feasibility of using large build volumes, and its low cost because of
the lack of a high-powdered energy source [70].
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Figure 30: Schematic showing a flow chart of the binder jetting process [71].

7.2

Powder Considerations

In Binder Jetting, like other AM categories that utilize a powder bed, the type of the
powder used has a profound impact on the printing process. One of the most important properties
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of powder is the Particle Size Distribution (PSD). A PSD is a function that shows the quantity of
particles and their relative sizes in a given sample. Two of the most common representations of
the PSD are the frequency distribution (𝑞! ) and the cumulative curve (𝑄! ). 𝑞! expresses the
probability of finding a particle with diameter d in the population, and 𝑄! shows the percentage
of particles which are smaller or large than diameter d [8]. An example of 𝑄! is shown in Figure
31. Figure 31 states that 10% of the particles are smaller than 8.8 microns, 50% of the powder is
smaller than 20.3 microns, and 90% of the powder is smaller than 35.1 microns. This 10th, 50th,
and 90th percentile are referred to as the 𝐷$% , 𝐷"% , and 𝐷&% . They give a better idea of what the
distribution of particle sizes looks like then an average can do on its own. In AM, PSD is
important because it determines printing parameters like layer thickness, and it also determines
the minimum buildable feature sizes [8].

Figure 31: PSD of hydrogenated Ti64 powder.
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Another important property of powder to investigate is the shape. The shape of a powder
particle is referred to as its morphology, and the morphology of a powder dictates its flowability
and how dense the particles can be packed together. Typically, the more the powder particle
resembles a sphere, the better. Sphere-like shapes roll and flow much easier than jagged shapes,
so a spherical powder will have a nice smooth spread on the print bed. Jagged, irregular particles
tend to clump up and lead to an uneven spread on the print bed which can eventually lead to
defects in a finished part. ASTM B243-11 lists different types of powder shapes and is shown
below in Table 4.
Table 4: Designation of different shapes of powder as per ASTM B243-11 [72].

Powder Shape
acicular powder
flake powder

Description
needle-shaped particles.
flat or scale-like particles whose thickness is
small compared with the other dimensions.

granular powder

particles having approximately
equidimensional non-spherical shapes.

irregular powder

particles lacking symmetry.

Needles powder

elongated rod-like particles

Nodular powder

irregular particles having knotted, rounded, or
similar shapes.
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platelet powder

a powder composed of flat particles having
considerable thickness (as compared with
flake powder).

spherical powder

globular-shaped particles.

In AM process categories in which a powder bed is used, the physical characteristics of
the powder will have a major impact on the final properties of the build. Final density,
flowability, and surface finish are all determined by the PSD and the morphology of powder
being used [73,74], thus it is crucial to the optimal powder for a given application.
Most AM manufactures recommend using spherical powder to maximize flow and packing
density [75], although other powder types can be used. To achieve the production of these
spherical powders, a technique called gas-atomization (GA) is employed. In GA, feed material is
melted and poured directly over jets of inert gas. These streams of gas separate the molten
material into droplets which quickly solidify into the powder particles. These particles are
collected and sieved depending on the desired size. Due to the low solidification rates of GA, the
resulting powders are highly spherical [76]. While GA produces chemically pure and highly
spherical powders, this process is expensive, and as high prices are already a limitation of most
AM techniques, it is ideal to find another atomization method with lower costs. A technique with
much potential is water-atomization (WA). WA is a similar process to GA, but the inert jets of
gas are replaced with pressurized water. The main differentiating factor in WA powders is they
lack the same sphericity of the GA powders. WA powders are much more irregular in their
shape, and this can be attributed to the solidification rates being between 10 and 100 times larger
than GA [77]. Using WA powders in place of GA is a viable option if properties of components
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printed with WA powders are comparable to their GA counterparts. SEM images of GA powder
compared to WA is shown in Figure 32.

Figure 32: SEM images of Gas-atomized (a) and Water-atomized (b) 316L powder [77].

7.3

Printing in Binder Jetting

In the previous section, powder considerations were discussed. While this is a very important
topic while analyzing AM, powder interactions are not limited to binder jetting. In this next
section, there will be a larger focus on Binder Jetting specifically. What sets binder jetting apart
from the different powder bed fusion AM processes is the use of printhead that deposits a liquid

Figure 33: Binder saturation in a powder bed [78]
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binding agent onto the print bed. The powder-binder interaction dictates the quality of the green
part, and the quality of the green part dictates the quality of the part after post-processing
(sintering or infiltration). In order to maximize print quality, understanding how binder and
powder interface with one another is vital. Once binder is jetted on the surface of the print bed, it
fills the empty voids between the powder particles; this behavior is forced by capillary action.
The force of gravity can be ignored due to the very small pico-liter volumes of binder being
deposited [78]. Binder interacting with the powder bed can be seen in Figure 33.

It is very important to use enough binder in this stage of the printing process because binder is
what is holding all the powder particles together while the part is still in its green-state. If there is
insufficient binder, the part will be very weak and difficult to handle and, in all likelihood, will
be damaged before post-processing is completed. If parts are oversaturated with binder
dimensional accuracy will be lost due to binder bleeding over to unwanted sections of the
powder bed. In-process drying is also an important parameter that is tightly linked with
saturation. If there is an inadequate drying time, the part that is being printed will not have the
strength to endure the shear forces that is experiences during the spreading of powder, and it will
lead to a defective build. If there is excessive drying time, then this will now allow for proper
permeation of the binder into the powder bed, so the strength between layers will be weakened.
Figure 34 demonstrates some of the most common defects in parts. After a green part is finished
printing, further curing is still required. After this secondary curing process is completed, the
parts can be depowered and then move on to either sintering or infiltration. The powder leftover
after the part is removed can be reused.
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a.)

b.)

c.)
Figure 34: Example of over saturated (a &b) and excessive dry time (c) on a build [78].

7.4

Post-Processing for Binder Jetting
For most metals and ceramics, the binder that is holding all of the powder particles

together is removed in a debinding process. These binders are typically organic compounds that
are removed at higher temperatures (approximately 500-600° C). After debinding, one of the
common post-processing techniques used is called sintering. During sintering, chemical bonds
are transferred to mechanical bonds through high temperature heat treatment [79]. The driving
force behind sintering is the reduction of free energy. According to Bordia et. al. the sintering
process is separated into three stages, and initial stage, and intermediate state, and a final stage.
In the initial stage, necking happens between particles, but the particles remain distinct. In this
stage, contact area increases by up to 20%, but not much densification takes place. In the
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intermediate stage, pore channels shrink, and grains grow and most of the densification and
increase in contact area between particles occurs. In the third stage, the pore volume continues to
reduce, and in certain cases closing pores can trap gas making it difficult to remove the pore
entirely [80]. Figure illustrates the three stages of sintering.

Figure 35: Demonstration of the 3 stages of sintering. First stage (left), intermediate stage
(middle), and final stage (right) [81].

PSD plays a major role when it comes to densification. Typically, a mean particle size
below 20 microns is required to achieve full densification [82]. Another approach to increase
density of green parts and subsequently final parts is the mixing of different sized powder to
make a bimodal size distribution [83-85]. If full density is not achieved, there are a number of
other techniques that can be used to increase density after sintering. If the pores are enclosed,
then Hot Isostatic Pressing can be used eliminate the remaining porosity and improve mechanical
properties [86]. If the porosity in the post-sintered part is interconnected, then infiltration can be
employed.
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Infiltration is when a selected liquid is drawn through the open pores of porous medium
of a printed part though capillary action and then solidifies [87]. There is both high and low
temperature infiltration. In low temperature infiltration, the process takes place at slightly above
room temperature, but in the high temperature method, it occurs at -6° and 10° C of the melting
point of the infiltrant [88], thus the infiltrant must have a lower melting temperature than that of
the skeleton it is filling. One of the advantages of infiltration is that it avoids the large shrinkage
that can occur during the sintering process [89]. As mentioned earlier, capillary action drives the
liquid metal through runners into the part intended to be infiltrated. These runners have to be
designed in the correct locations in order to deliver and spread the infiltrant homogenously
throughout the green part [90, 91]. In Figure 36, the runner, infiltrant, and infiltrated part can be
seen after the process is complete.

Infiltrated tungsten part

Invar Infiltrant

runner

Figure 36: Example of Tungsten green part designed with runners and infiltrated with Invar.
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7.5

17-4 Stainless Steel

17-4 PH stainless steel, the most widely used precipitation hardening stainless steel, contains
about 3 wt pct Cu and is strengthened by precipitation of copper in its martensite matrix. This
alloy provides high strength at temperatures up to 316 ° C, corrosion resistance, and can be heat
treated at different temperatures to obtain a wide range of properties [92]. The properties that this
alloy has make it widely used in the aerospace, chemical, and petrochemical industries.
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Chapter 8: Experimental Methods

8.1

Powder Feedstock

The powders used for fabrication were obtained from Tekna (Sherbrooke, Canada). Two
different powders were used. The first powder was a Low Oxygen (LO) powder with an average
particle size of 20 microns as shown in Figure 37. The second powder used was an Ultra Fine
(UF) powder with an average particle size of 25-microns shown in Figure 38. Analysis of the
powder was done using the RETSCH-CAMSIZER X2 (Haan, Germany). Both of these powders
were a low-cost water atomized. Another powder was also used to show what is capable when
using a gas atomized powder. This powder was 38-micron 316L Stainless Steel. A comparison of
all three PSD’s can be seen in Figure 39, along with SEM images in Figure 40 and 41.

Figure 37: PSD of LO 17-4.
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Figure 38: PSD of 17-4 UF

Figure 39: PSD comparison of 316L (black), 17-4 LO (red), and 17-4 UF (blue).
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Figure 40: SEM image of LO powder
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Figure 41: SEM image of UF powder

8.2

Binder Jetting Setup and Process Parameters

All fabrication was completed using the ExOne (North Huntingdon, USA) Innovent+ system,
shown in Figure 42. The Innovent+ has a build envelop of 160x65x65 mm and is able to use
AquaFuse, Clean Fuse, FluidFuse, or Phenolfuse binder. For this project AquaFuse, the aqueous
binder, was used. The Innovent+ system uses an ultrasonic hopper to dispense powder onto the
build plate.
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Figure 42: ExOne Innovent+ Binder Jetting Printer [93].

For metallography, washers with an outer diameter of 36 mm and an inner diameter of 8 mm
with a thickness of 8 mm were printed. For density measurements cylinders with a diameter of
10 mm and a height of 8 mm were printed. The parts used for printing can be seen in Figure 43.
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Figure 43: Schematic of washer (left) and density cylinder (right) used for printing.

Based on the PSD of the powder, layer thicknesses were selected. The first layer thickness used
was 70-micron. Later, 140-micron layer thickness was used. Initial spread tests were performed
to establish the optimal spread speed to use for printing. Spread tests are performed by making
the Innovent+ lower the platform by the same amount to be used during the print, dispense
powder, and spread for five total layers. During this process, the operator observes the print and
is looking for a full and even spread of powder. The spread test began with spread speed of 10
mm/s and increased by increments of 10 mm/s until 80 mm/s; the speeds used in the spread test
can be seen in Table 5.
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Table 5: Table of speeds used for spread test.

Recoat

10 mm/s 20 mm/s 30 mm/s 40 mm/s 50 mm/s 60 mm/s 70 mm/s 80 mm/s

Speed

After all spread tests were completed, the best speed was selected and used throughout
the printing process for all prints. From this point, the best saturation had to be determined. In
order to decide on an optimal saturation and drying time, various prints of differing saturations
and thus drying times were performed. The prints started at 30% saturation and increased by
increments of 5% until 70% saturation was reached. Prints were first done using 17-4 LO powder
and the UF powder. The saturations with their associated drying times are shown in Table 6.

70

Table 6: Table of saturations and their associated drying times.

8.3

Saturation

Drying Time

25%

5-10 sec

30%

8-12 sec

35%

10-15 sec

40%

12-17 sec

45%

15-18 sec

50%

17-20 sec

55%

18-22 sec

60%

20-23 sec

65%

23-25 sec

Curing and Sintering

After printing, all samples were cured in a Yamato (Santa Clara, USA) DX402C curing oven for
four hours at 200 °C shown in Figure 44. For Sintering, all sample were sintered in a Carbolite
Gero (Sheffield, UK) tube furnace at 1350 °C for 2 hours shown in Figure 45. The ramp rates of
the sintering process are outlined in Figure 46.
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Figure 44: Oven used to cure all samples
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Figure 45: Tube furnace used to sinter samples.

Ramp Rates of 17-4 Sintering
1600

Temperature (C)

1400
1200
1000
800
600
400
200
0
0

120

240

390

Time (Min)

Figure 46: Ramp Rates of 17-4 Sintering
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510

780

8.4

Microstructure Characterization
Samples were sectioned at the threaded section of the test specimens into their X, Y, and

Z planes. They were then hot mounted with black phenolic powder in an ATMTM OPAL 460
mounting system (Haan, Germany). Mounted samples were then grinded and polished using an
ATMTM SAPHIR 530 semi-automatic grinder and polisher (Haan, Germany). Microstructure
was observed on the Olympus (Tokyo, Japan) GX53 inverted optical microscope (OM).
8.5

Density Measurements

Green part density was calculated by simply calculating the volume of the cylinders by hand and
taking the mass and dividing by this calculated volume. For sintered parts, the volume of every
cylinder specimen was measured on an AccuPyc II 1340 gas pycnometer (Norcross, United
States). The mass of the same cylinder was measured on a Sartorius CP124S weight balance
(Sartorius AG, Germany). The mass values were then divided by the measured volume values to
calculate density.
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Chapter 9: Results and Discussion

9.1

Optimizing Printing Parameters

Since the development of printing parameters is mostly done simply through trial and
error, many prints had to be done. To begin, a layer thickness of 70 microns was used to
accommodate for the D90 of approximately 40 microns. The thought process behind this
selection was to have a layer thickness thick enough to fit all of the largest particles. Another
layer thickness chosen was to use the rule of thumb found in literature where the layer thickness
is three times the size of the D90 [94], bringing our next layer thickness to 120 microns. It was
found that the 120-micron layer thickness produced parts with a higher density; the actual
numbers will be reported in an upcoming section.

In the spread test, it was found that a recoat speed above 40 mm/s would result in not
enough powder being dispensed onto the build plate In Figure 47, the defects can be seen on the
right side of the powder bed circled in red.
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Figure 47: Example of not enough powder being dispensed on powder bed due to too high of a recoat speed (50
mm/s).

At this point, these defects are not too much to completely cause a print to fail, but over the time
if left unattended, these defects typically grow and envelope more of the powder bed. At even
higher speeds, these defects become much more obvious and catastrophic, like in Figure 48.
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Figure 48: Defects originating from too high of a recoat speed over time.

Ideally, the powder bed should be smooth and homogenous. While a recoat speed too low
will not lead to failure of the print, it will lead to too much powder being unused during the print,
so it is ideal to find a recoat speed where there is enough powder to cover print bed, but not too
much powder being dumped over the edge into the powder reservoir to be unused. For the
powders that were used, it was found that a recoat speed of 40 mm/s was ideal, shown in Figure
49. A speed lower than that resulted in excess powder falling from the print bred. Faster than 40
mm/s would result in uneven spread like seen in the images above. At 40 mm/s resulted in a
smooth, consistent spread.
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Figure 49: Optimized recoat speed of 40 mm/s.

Drying time is also a vital parameter to tinker with to achieve the best parts possible.
Because parameter development for binder jetting is mostly done through trial-by-error, it is
difficult to give an exact drying time especially in the initial layers of a print. For example, a
print running at a saturation of 45% may typically require a drying time of around 15 seconds,
but at the beginning of a print it needs closer to 18-20 seconds of drying time. When drying time
is too low, the powder bed can seem muddy and wet, like in Figure 50. Also, during the spread
of layers, wet powder can stick to the recoater and lead to a smearing effect. For these reasons, to
ensure printing success, initial drying time should be set a small amount (approximately 5
seconds) higher than the rest of the build for about the first 10 layers.
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Power sticking to recoater

Figure 50: Example of insufficient drying time leading to overly wet powder bed with powder sticking to recoater.

Printing first began with the LO powder using a layer thickness of 70 microns. The parameters
listed in Figure 35 were followed for printing, starting with lowest saturations and ending on the
highest. The parameters were then repeated but with a layer thickness of 140 microns. This
process was repeated for the UF powder.

For saturations between 25%-45%, there was significant distortions of the geometry of the
washers at the edges during the depowdering process. While these prints seemed successful in
the Innovent+ machine, they were too weak to come out of the depowodering process unscathed.
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The soft bristles of the paint brushes used to depowder the washers removed material where they
came in contact. These defects can be seen in Figure 51.

Figure 51: Green Parts with defects with insufficient binder saturation. 25% (a), 30% (b), 35% (c), and 40% (d).

Major defects occurred during depowdering for all variants from 25%-50%, mostly on the edges
of the washers. Lower saturations (25%-40%) also experienced some defects from the soft
bristles also on the flat faces of the washers. An attempt was made to have an additional four
hour curing of green parts at 200 °C to increase part strength, but there was no noticeable
difference. There was very slight defect that would also occur on parts with a saturation of 55%
where the edges did not look as sharp after depowdering. This did not happen at the saturations
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of 60% and 65%. The sharpness of the edges of the 60 and 65% saturations along with the
defects in 55% can be seen in Figure 52. 60% and 65% were indistinguishable by the naked eye,
so 60% was chosen as the ideal saturation for both LO and UF powders as its drying time was
lower, so it could be fabricated more quickly.

Figure 52: Green parts of 55% saturation (left) 60% saturation (middle) and 65% saturation (right)
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Table 7: Green part densities for all saturations separated by UF and LO powder.

Saturation

Green Part Density: 70micron layer thickness

Green Part Density: 120micron layer thickness

25%

39.9%

41.9%

30%

40.7%

42.4%

35%

41.5%

43.7%

40%

40.3%

42.5%

45%

41.7%

44.6%

50%

42.1%

44.3%

55%

42.6%

44.2%

60%

42.1%

44.4%

65%

42.4%

44.2%

It is a bit odd to see this large of a difference between green part densities by saturation
shown in Table 7. While there might be some difference expected, a difference that is seen here
is a bit too large than can be explained by a difference in mass of binder alone. The main detail
that is affecting these green part densities is that the low saturation parts become damaged during
the depowdering process. Mass is removed on these low-density green parts, thusly impacting
final densities.

9.2

Analysis of Parts After Sintering

The same defects that were noticeable in green parts also noticeable after sintering. There
is a very noticeable increase in the sharpness of the edges due to the parts increased strength
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during the depowdering process. This increase in strength allows parts with higher saturations to
retain their geometries and improve the final shape after sintering, as seen in Figure 53.

Figure 53: 30% saturation (left) 50% saturation (middle) and 60% saturation (left) after sintering.

After sintering, washers were sectioned and mounted to view polished micrographs to
view porosity. The cylinders printed for density measurements were also analyzed for density in
a gas pycnometer. It was found that saturation did not have a large impact on density. The only
parameters that had a large impact on density were the PSD of the powder along with the
selected layer thickness. Because of this, the densities of all saturations were taken as an average
for each respective powder and displayed on Table 8.
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Table 8: Average density values across all saturations. Theoretical density assumed as 7.8 g/cm3 [95].

17-4 LO Powder

17-4 UF Powder

92.2% Density

92.4% Density

95.3% Density

97.5% Density

70-Micron Layer
Thickness
120-Micron Layer
Thickness

9.3

Analysis of Polished Micrograph

Samples were section, mounted, grinded, polished, and images were taken to view the
microstructure. Noteworthy micrographs were examined. The first sample displayed in Figure 54
comes from a print with a saturation of 55% and a layer thickness of 70-microns. This print was
conducted using the LO 17-4 powder. The density of this sample was 92.1%

Figure 54: Micrograph of porosity of sample at 55% saturation, 70-micron layer thickness, and 50x
magnification.
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Figure 55: Polished micrograph of LO 17-4 powder with layer thickness of 120-microns.

Figure 55 is of a sample where the layer thickness was bumped up to 120-microns. It is still the
LO powder and was a 60% saturation build. The reported density for this sample was 95.1%. In
the LO powder, there was an increase in density of about 3% by doubling the layer thickness.
The highest densities recorded came from the UF powder using the 120-micron layer thickness,
as seen in Figure 56. The average density of the 120-micron layer thickness UF powder was
97.5%. The size and number of pores is noticeably less than those in the LO images.
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Figure 56: Polished micrography of 17-4 UF powder with 120-micron layer thickness.

While all parts are relatively dense, there seems to be much more porosity present in the
micrographs than density values suggest. This may be because all the dark spots on the
micrograph are not actually porosity. Sung et al. [96] investigated powder injection molding of a
17-4 PH stainless steel and the effect of sintering temperature on its microstructure and
mechanical properties, and in their micrographs, there seems to be a large amount of porosity
present when the density of the samples is actually over 99%. Sung et al. explained these dark
spots to be silicon oxides and austenitic phase formed and retained after sintering. The sintering
temperature and ramp rates that were used in Sung et. al. were the same as the ones used in this
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investigation. Sung et. al.’s images can be seen in Figure 58 while an etched image of the 17-4
UF powder is shown in Figure 57.

Figure 57: Etched image of UF 17-4 powder at 97.6% dense.
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Figure 58: 99% dense sample of MIM 17-4 PH from Sung et. al. [96].

It was also realized that the porosity across the sample was inconsistent. The porosity seemed to
be segregating itself into “bands” that were visible from the naked eye on the Z-plane of parts.
These “bands” show up on both the LO and UF powders, and an example is shown in Figure 59.
In Figure 60, the difference in density of the specimen can be seen while approaching this
“band” of porosity.
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Figure 59: "bands" of porosity visible on Z-plane

Figure 60: Micrograph of variation of porosity within 17-4 UF sample. "Band" of porosity on left compared to the
rest of the surface.
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There has been literature showing that the Binder Jetting printing process can result in
inconsistent porosity across parts particularly along edges and in areas of high curvature [97-99].
In order to ensure that these “bands” of porosity were not present because of the geometries that
were being printed, a new geometry was chosen to be printed. This part was a rectangle with
different shaped orifices along with a square donut shape shown in Figure 61. Both shapes were
printed on UF powder at 60% saturation with a layer thickness of 120-microns, the most
successful printing parameters.

Figure 61: Geometries of parts made to test if geometry had any impact on "bands" of porosity.

These geometries were section on the Z-plane, mounted, and polished like previous samples.
Porosity was view on an optical microscope. The colors in Figure 62 were changed to black and
white and contrast and brightness were tinkered with to try and highlight the bands of porosity.
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Figure 62: "bands" of porosity within new geometries.

These same “bands” of porosity presented themselves in these new geometries, suggesting that
they are not existent due to the shapes that were being printed. SEM images were also taken to
show these areas of porosity with relatively dense areas in between, shown in Figure 63. The
SEM image also demonstrates what we suspected based on the literature; not all the dark
markings in the optical polished images are pores.
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Figure 63: SEM image of Z-plane of 17-4 UF showing porosity "bands".

One explanation of why this porosity may be appearing in these patterns is that many of the
smaller particles may be agglomerating during the spread and not reaching the voids between the
larger particles that the small particles are intended to fill. Flow additives like fumed silica are
often used to improve the flowability of powders [100-102]. Fumed silica was added to the LO
powder at 0.3% wt. to see if improving the flow of the powder would improve overall density.
SEM images of the fumed silica are shown in Figure 64.
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Figure 64: SEM image of fumed silica added to the 17-4 LO powder.

A flow test was performed on the 17-4 LO powder with and without the flow additive
following ASTM B213-20 [103]. Neither the powder without the additive nor the powder with
the additive were able to flow through the Hall-Flow meter. While there was no noticeable
improvement in the flow of the powder while using a Hall-Flow meter, there was a noticeable
difference while performing a spread test of the powder with the additive installed in the
Innovent+ printer. With the additive, recoat speed was able to be increased by 10 mm/s, from 40
mm/s to 50 mm/s. Without the flow additive, the 17-4 powder would form defects during the
spread if the speed was set to 50 mm/s. Once again, the best printing parameters were selected,
120-micron layer thickness at 60% binder saturation. Unfortunately, there was not enough UF
powder remaining to test with fumed silica, so fumed silica was only added to the LO powder.
After parts were sintered, they were sectioned, mounted, polished, and density measurements
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were taken. It was found that density of these samples was comparable to the densities of the
samples without the fumed silica. The density of samples that contained fumed silica were 94.4%
dense while the samples without fumed silica were 95.3% dense. While examining the polished
mounted samples, it could be seen that the porosity across the Z-plane was more consistent. The
addition of fumed silica in the 17-4 powder did not increase density, but it did seem to have an
impact on making the porosity more uniformly distributed throughout the part. It was attempted
to display this difference in Figure 65. Figure 66 also shows a polished image of the part with the
fumed silica, and Table 9 displays the density achieved with the powder with the fumed silica
compared to the other prints. With this information, the determination can be made that the main
cause of the porosity in these parts is an insufficient number of smaller particles to fill the voids
that can be seen in the part. PSD may be the most important factor when it comes to printing
fully dense parts. If the size distribution of the powder does not contain the required allocation of
small, medium, and large particles, then there is not much hope in fabricating fully dense parts
without other post processing steps.

Figure 65: More consistent porosity across Z-plane of 17-4 LO powder with fumed silica flow additive (left)
compared to porosity present in LO powder without fumed silica (right).
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Figure 66: Micrograph of porosity within 17-4 LO with fumed silica.

Table 9: Table of all sample densities.

70-Micron Layer
Thickness
120-Micron Layer
Thickness
120-Micron Layer
Thickness w/ fumed
silica

17-4 LO Powder

17-4 UF Powder

92.2% Density

92.4% Density

95.3% Density

97.5% Density

94.4% Density

N/A
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Chapter 10: Conclusion

Ultimately, both the LO and UF powders had some porosity that came from the PSD of
both of the powders. The UF was able to achieve slightly higher densities due to its broader PSD
curve; this broad curve slightly imitates the behavior of a bimodal powder curve. The larger
sized particles spread throughout the powder create voids between them that are filled by all the
smaller particles. It seems that in both powders, there were not enough fine particles to fill the
voids left by the larger particles. When looking at the 316L SS PSD, the massive spike of
particles approximately 8-microns in diameter is striking, and this is the main difference between
this ability of this gas-atomized powder to form parts in excess of 98% dense. The comparison of
the PSD’s of the LO, UF, and GA 316L powder is shown in Figure 67. In order to improve the
LO and UF powders, an increase in those fine particles (5-15 microns) should be made. While
the angular particles do not spread particularly well, they do not prevent printing highly dense
parts. A similar approach that can be taken to improve the final part density would be to try and
replicate a bimodal PSD in these powders. Bimodal powder distributions have shown effective in
increasing final part density for binder jetting in literature [104, 105]. Ultimately, it seems that it
is possible to achieve high density parts using water atomized powders.
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Figure 67: Comparison of the PSD of the LO, UF, and 316L SS gas-atomized powders.

97

References
[1] H. V. Atkinson and S. Davies, “Fundamental aspects of hot isostatic pressing: An overview,”
Metall and Mat Trans A, vol. 31, no. 12, pp. 2981–3000, Dec. 2000.

[2] J. Benzing, N. Hrabe, T. Quinn, R. White, R. Rentz, and M. Ahlfors, “Hot isostatic pressing
(HIP) to achieve isotropic microstructure and retain as-built strength in an additive
manufacturing titanium alloy (Ti-6Al-4V),” Materials Letters, vol. 257, p. 126690, Dec. 2019.

[3] “Material Extrusion | Additive Manufacturing Research Group | Loughborough University.”
https://www.lboro.ac.uk/research/amrg/about/the7categoriesofadditivemanufacturing/materialext
rusion/ (accessed Apr. 07, 2021).

[4] “FDM 3D Printing – Simply Explained,” All3DP, Sep. 09, 2020. https://all3dp.com/2/fuseddeposition-modeling-fdm-3d-printing-simply-explained/ (accessed Apr. 07, 2021).

[5] G. Hsiang Loh, E. Pei, J. Gonzalez-Gutierrez, and M. Monzón, “An Overview of Material
Extrusion Troubleshooting,” Applied Sciences, vol. 10, no. 14, Art. no. 14, Jan. 2020, doi:
10.3390/app10144776.

[6] “A Comprehensive Guide to Material Jetting 3D Printing,” AMFG, Jun. 29, 2018.
https://amfg.ai/2018/06/29/material-jetting-3d-printing-guide/ (accessed Apr. 07, 2021).

98

[7] “Introduction to material jetting 3D printing,” 3D Hubs.
https://www.3dhubs.com/knowledge-base/introduction-material-jetting-3d-printing/ (accessed
Apr. 07, 2021).

[8] “Particle size distribution :: Anton Paar Wiki,” Anton Paar. https://wiki.anton-paar.com/usen/particle-size-distribution/ (accessed Mar. 29, 2021).

[9] “Binder Jetting - Additively.” https://www.additively.com/en/learn-about/binder-jetting
(accessed Apr. 08, 2021).

[10] S. Sun, M. Brandt, and M. Easton, “Powder bed fusion processes,” in Laser Additive
Manufacturing, Elsevier, 2017, pp. 55–77.

[11] B. Ferrar, L. Mullen, E. Jones, R. Stamp, and C. J. Sutcliffe, “Gas flow effects on selective
laser melting (SLM) manufacturing performance,” Journal of Materials Processing Technology,
vol. 212, no. 2, pp. 355–364, Feb. 2012, doi: 10.1016/j.jmatprotec.2011.09.020.
[12] H. K. Rafi, N. V. Karthik, H. Gong, T. L. Starr, and B. E. Stucker, “Microstructures and
Mechanical Properties of Ti6Al4V Parts Fabricated by Selective Laser Melting and Electron
Beam Melting,” J. of Materi Eng and Perform, vol. 22, no. 12, pp. 3872–3883, Dec. 2013, doi:
10.1007/s11665-013-0658-0.

[13] “All About Selective Laser Melting 3D Printing.”
https://www.thomasnet.com/articles/custom-manufacturing-fabricating/selective-laser-melting3d-printing (accessed Apr. 08, 2021).

99

[14] M. F. Zäh and S. Lutzmann, “Modelling and simulation of electron beam melting,” Prod.
Eng. Res. Devel., vol. 4, no. 1, pp. 15–23, Feb. 2010, doi: 10.1007/s11740-009-0197-6.

[15] S. Biamino et al., “Electron beam melting of Ti–48Al–2Cr–2Nb alloy: Microstructure and
mechanical properties investigation,” Intermetallics, vol. 19, no. 6, pp. 776–781, Jun. 2011, doi:
10.1016/j.intermet.2010.11.017.

[16] S. J. Kalita, “13 - Rapid prototyping in biomedical engineering: structural intricacies of
biological materials,” in Biointegration of Medical Implant Materials, C. P. Sharma, Ed.
Woodhead Publishing, 2010, pp. 349–397. doi: 10.1533/9781845699802.3.349.

[17] A. Sidambe, “Biocompatibility of Advanced Manufactured Titanium Implants—A Review,”
Materials, vol. 7, pp. 8168–8188, Dec. 2014, doi: 10.3390/ma7128168.

[18] A. Kalkal, N. Ahmad, G. Packirisamy, and A. Vinogradov, “3D Printing in Medicine:
Current Challenges and Potential Applications,” 2019, pp. 1–22.

[19] “Chapter 8 - 3D and 4D Printing of Functional and Smart Composite Materials | Elsevier
Enhanced Reader.”
https://reader.elsevier.com/reader/sd/pii/B9780128197240000082?token=1BEBD71762A82A78
5AD8CC469D6D040342028E4FF95F42CA15BEF11EC8DA2E51D21CD45B5CDD2BE4C892
A5E35CEAA7A1&originRegion=us-east-1&originCreation=20210408225429 (accessed Apr.
08, 2021).

100

[20] “3D printing of metals in rapid prototyping of biomaterials: Techniques in additive
manufacturing | Elsevier Enhanced Reader.”
https://reader.elsevier.com/reader/sd/pii/B9780081026632000022?token=793783EE697C60B4F
4E82FBC9AB391F3954E04E4AE4AD7B2AF1B58D355B44E4EC52CFEF3E647112143F2223
4320A735A&originRegion=us-east-1&originCreation=20210408230225 (accessed Apr. 08,
2021).

[21] W. Li et al., “Fabrication and characterization of a functionally graded material from Ti6Al-4V to SS316 by laser metal deposition,” Additive Manufacturing, vol. 14, pp. 95–104, Mar.
2017, doi: 10.1016/j.addma.2016.12.006.

[22] S. M. Yusuf and N. Gao, “Influence of energy density on metallurgy and properties in metal
additive manufacturing,” Materials Science and Technology, vol. 33, no. 11, pp. 1269–1289, Jul.
2017, doi: 10.1080/02670836.2017.1289444.

[23] I. Gibson, D. W. Rosen, and B. Stucker, “Sheet Lamination Processes,” in Additive
Manufacturing Technologies: Rapid Prototyping to Direct Digital Manufacturing, I. Gibson, D.
W. Rosen, and B. Stucker, Eds. Boston, MA: Springer US, 2010, pp. 223–252.

[24] “ISO/ASTM 52900:2015(en), Additive manufacturing — General principles —
Terminology.” https://www.iso.org/obp/ui#iso:std:iso-astm:52900:ed-1:v1:en (accessed Apr. 09,
2021).

101

[25] “What is Sheet Lamination?,” Engineering Product Design.
https://engineeringproductdesign.com/knowledge-base/sheet-lamination/ (accessed Apr. 09,
2021).

[26] D. Wimpenny, B. Bryden, and I. Pashby, “Rapid laminated tooling,” Journal of Materials
Processing Technology - J MATER PROCESS TECHNOL, vol. 138, pp. 214–218, Jul. 2003, doi:
10.1016/S0924-0136(03)00074-8.

[27] I. Gibson, D. Rosen, and B. Stucker, “Vat Photopolymerization Processes,” in Additive
Manufacturing Technologies: 3D Printing, Rapid Prototyping, and Direct Digital
Manufacturing, I. Gibson, D. Rosen, and B. Stucker, Eds. New York, NY: Springer, 2015, pp.
63–106.

[28] L. Xue, “17 - Laser consolidation: a rapid manufacturing process for making net-shape
functional components,” in Advances in Laser Materials Processing, J. Lawrence, J. Pou, D. K.
Y. Low, and E. Toyserkani, Eds. Woodhead Publishing, 2010, pp. 492–534.

[29] T. Ahmed and H. J. Rack, “Phase transformations during cooling in α+β titanium alloys,”
Materials Science and Engineering: A, vol. 243, no. 1, pp. 206–211, Mar. 1998, doi:
10.1016/S0921-5093(97)00802-2.

[30] S. Liu and Y. C. Shin, “Additive manufacturing of Ti6Al4V alloy: A review,” Materials &
Design, vol. 164, p. 107552, Feb. 2019, doi: 10.1016/j.matdes.2018.107552.

102

[31] L. Parry, I. A. Ashcroft, and R. D. Wildman, “Understanding the effect of laser scan
strategy on residual stress in selective laser melting through thermo-mechanical simulation,”
Additive Manufacturing, vol. 12, pp. 1–15, Oct. 2016, doi: 10.1016/j.addma.2016.05.014.

[32] R. K. Gupta, V. A. Kumar, C. Mathew, and G. S. Rao, “Strain hardening of Titanium alloy
Ti6Al4V sheets with prior heat treatment and cold working,” Materials Science and
Engineering: A, vol. 662, pp. 537–550, Apr. 2016, doi: 10.1016/j.msea.2016.03.094.

[33] Y. Chong, G. Deng, J. Yi, A. Shibata, and N. Tsuji, “On the strain hardening abilities of α+β
titanium alloys: The roles of strain partitioning and interface length density,” Journal of Alloys
and Compounds, vol. 811, p. 152040, Nov. 2019, doi: 10.1016/j.jallcom.2019.152040.

[34] R. Huang et al., “Energy and emissions saving potential of additive manufacturing: the case
of lightweight aircraft components,” Journal of Cleaner Production, vol. 135, pp. 1559–1570,
Nov. 2016, doi: 10.1016/j.jclepro.2015.04.109.

[35] A. Safdar, L.-Y. Wei, A. Snis, and Z. Lai, “Evaluation of microstructural development in
electron beam melted Ti-6Al-4V,” Materials Characterization, vol. 65, pp. 8–15, Mar. 2012,
doi: 10.1016/j.matchar.2011.12.008.

[36] B. Cheng, S. Price, J. Lydon, K. Cooper, and K. Chou, “On Process Temperature in
Powder-Bed Electron Beam Additive Manufacturing: Model Development and Validation,”

103

Journal of Manufacturing Science and Engineering, vol. 136, no. 061018, Oct. 2014, doi:
10.1115/1.4028484.

[37] S. Price, J. Lydon, K. Cooper, and K. Chou, “EXPERIMENTAL TEMPERATURE
ANALYSIS OF POWDER-BASED ELECTRON BEAM ADDITIVE MANUFACTURING,” p.
12.

[38] S. S. Al-Bermani, M. L. Blackmore, W. Zhang, and I. Todd, “The Origin of Microstructural
Diversity, Texture, and Mechanical Properties in Electron Beam Melted Ti-6Al-4V,” Metall
Mater Trans A, vol. 41, no. 13, pp. 3422–3434, Dec. 2010, doi: 10.1007/s11661-010-0397-x.

[39] D. Banerjee and J. C. Williams, “Perspectives on Titanium Science and Technology,” Acta
Materialia, vol. 61, no. 3, pp. 844–879, Feb. 2013, doi: 10.1016/j.actamat.2012.10.043.

[40] G. Kasperovich and J. Hausmann, “Improvement of fatigue resistance and ductility of
TiAl6V4 processed by selective laser melting,” Journal of Materials Processing Technology,
vol. 220, pp. 202–214, Jun. 2015, doi: 10.1016/j.jmatprotec.2015.01.025.

[41] “Ti-6Al-4V Additively Manufactured by Selective Laser Melting with Superior Mechanical
Properties | SpringerLink.” https://link.springer.com/article/10.1007/s11837-015-1297-8
(accessed Apr. 11, 2021).

104

[42] B. Wysocki, P. Maj, R. Sitek, J. Buhagiar, K. J. Kurzydłowski, and W. Święszkowski,
“Laser and Electron Beam Additive Manufacturing Methods of Fabricating Titanium Bone
Implants,” Applied Sciences, vol. 7, no. 7, Art. no. 7, Jul. 2017, doi: 10.3390/app7070657.

[43] H. Galarraga, D. A. Lados, R. R. Dehoff, M. M. Kirka, and P. Nandwana, “Effects of the
microstructure and porosity on properties of Ti-6Al-4V ELI alloy fabricated by electron beam
melting (EBM),” Additive Manufacturing, vol. 10, pp. 47–57, Apr. 2016, doi:
10.1016/j.addma.2016.02.003.

[44] M. Koike et al., “Evaluation of Titanium Alloys Fabricated Using Rapid Prototyping
Technologies—Electron Beam Melting and Laser Beam Melting,” Materials, vol. 4, no. 10, Art.
no. 10, Oct. 2011, doi: 10.3390/ma4101776.

[45] N. Biswas, J. L. Ding, V. K. Balla, D. P. Field, and A. Bandyopadhyay, “Deformation and
fracture behavior of laser processed dense and porous Ti6Al4V alloy under static and dynamic
loading,” Materials Science and Engineering: A, vol. 549, pp. 213–221, Jul. 2012, doi:
10.1016/j.msea.2012.04.036.

[46] P.-H. Li, W.-G. Guo, W.-D. Huang, Y. Su, X. Lin, and K.-B. Yuan, “Thermomechanical
response of 3D laser-deposited Ti–6Al–4V alloy over a wide range of strain rates and
temperatures,” Materials Science and Engineering: A, vol. 647, pp. 34–42, Oct. 2015, doi:
10.1016/j.msea.2015.08.043.

105

[47] “Additive Manufacturing of Dense Metal Parts by Electron Beam Melting - Heat Treating
Society.” https://www.asminternational.org/web/hts/home//journal_content/56/10192/CP2009MST2711/PUBLICATION;jsessionid=6B3D33EF3FF947F0
8DEED12417A22358?p_p_id=56_INSTANCE_0000&p_p_lifecycle=0&p_p_state=maximized
&p_p_mode=view (accessed Apr. 12, 2021).

[48] S. M. Gaytan, L. E. Murr, F. Medina, E. Martinez, M. I. Lopez, and R. B. Wicker,
“Advanced metal powder based manufacturing of complex components by electron beam
melting,” Materials Technology, vol. 24, no. 3, pp. 180–190, Sep. 2009, doi:
10.1179/106678509X12475882446133.

[49] C. de Formanoir, S. Michotte, O. Rigo, L. Germain, and S. Godet, “Electron beam melted
Ti–6Al–4V: Microstructure, texture and mechanical behavior of the as-built and heat-treated
material,” Materials Science and Engineering: A, vol. 652, pp. 105–119, Jan. 2016, doi:
10.1016/j.msea.2015.11.052.

[50] T. Vilaro, C. Colin, and J. D. Bartout, “As-Fabricated and Heat-Treated Microstructures of
the Ti-6Al-4V Alloy Processed by Selective Laser Melting,” Metall and Mat Trans A, vol. 42,
no. 10, pp. 3190–3199, Oct. 2011, doi: 10.1007/s11661-011-0731-y.

[51] G. K. L. Ng, A. E. W. Jarfors, G. Bi, and H. Y. Zheng, “Porosity formation and gas bubble
retention in laser metal deposition,” Appl. Phys. A, vol. 97, no. 3, p. 641, May 2009, doi:
10.1007/s00339-009-5266-3.

106

[52] H. V. Atkinson and S. Davies, “Fundamental aspects of hot isostatic pressing: An
overview,” Metall and Mat Trans A, vol. 31, no. 12, pp. 2981–3000, Dec. 2000, doi:
10.1007/s11661-000-0078-2.

[53] A. Eklund, M. Ahlfors, F. Bahbou, and J. Wedenstrand, “Optimizing HIP and Printing
Parameters for EBM Ti-6Al-4V,” Key Engineering Materials; Zurich, vol. 770, pp. 174–178,
May 2018, doi: http://dx.doi.org/10.4028/www.scientific.net/KEM.770.174.

[54] S. Tammas-Williams, P. J. Withers, I. Todd, and P. B. Prangnell, “The Effectiveness of Hot
Isostatic Pressing for Closing Porosity in Titanium Parts Manufactured by Selective Electron
Beam Melting,” Metall Mater Trans A, vol. 47, no. 5, pp. 1939–1946, May 2016, doi:
10.1007/s11661-016-3429-3.

[55] F42 Committee, “Specification for Additive Manufacturing Titanium-6 Aluminum-4
Vanadium with Powder Bed Fusion,” ASTM International. doi: 10.1520/F2924-14.

[56] A. K. Swarnakar, O. Van der Biest, and B. Baufeld, “Thermal expansion and lattice
parameters of shaped metal deposited Ti–6Al–4V,” Journal of Alloys and Compounds, vol. 509,
no. 6, pp. 2723–2728, Feb. 2011, doi: 10.1016/j.jallcom.2010.12.014.

[57] “Six decades of the Hall–Petch effect – a survey of grain-size strengthening studies on pure
metals: International Materials Reviews: Vol 61, No 8.”

107

https://www.tandfonline.com/doi/full/10.1080/09506608.2016.1191808 (accessed Apr. 13,
2021).

[58] J. Benzing, N. Hrabe, T. Quinn, R. White, R. Rentz, and M. Ahlfors, “Hot isostatic pressing
(HIP) to achieve isotropic microstructure and retain as-built strength in an additive
manufacturing titanium alloy (Ti-6Al-4V),” Materials Letters, vol. 257, p. 126690, Dec. 2019,
doi: 10.1016/j.matlet.2019.126690.

[59] J. S. Keist and T. A. Palmer, “Development of strength-hardness relationships in additively
manufactured titanium alloys,” Materials Science and Engineering: A, vol. 693, pp. 214–224,
May 2017, doi: 10.1016/j.msea.2017.03.102.

[60] DebRoy T., Wei H. C., Zubark J. S., Mukherjee A. M., Fisher J. W., et al. Additive
manufacturing of metallic components: Process, structure, properties. Prog. Mater. Sci. (2018)
92 : 112- 224.

[61] L. E. Murr, “Metallurgy principles applied to powder bed fusion 3D printing/additive
manufacturing of personalized and optimized metal and alloy biomedical implants: an
overview,” Journal of Materials Research and Technology, vol. 9, no. 1, pp. 1087–1103, Jan.
2020, doi: 10.1016/j.jmrt.2019.12.015.

[62] A. Abu-Issa et al., “Effects of altered hot isostatic pressing treatments on the
microstructures and mechanical performance of electron beam melted Ti-6Al-4V,” Journal of

108

Materials Research and Technology, vol. 9, no. 4, pp. 8735–8743, Jul. 2020, doi:
10.1016/j.jmrt.2020.06.019.
[63] Murr L. E., Handbook of Materials Structures, Properties, Processing and Performance, Vol.
1, Springer Heidelberg, 2015, pp326-339.

[64] Xu W., Brandt M., Sun S., Elambasseril J., Lui Q., Latham K., Xia K., Qian M., Ti-6Al-4V
additively manufactured by selective laser melting with superior mechanical properties. Acta
Mater. (2015) 85: 74-85.

[65] Wohlers, Terry. “Wohlers Report 2012: Additive Manufacturing and 3D Printing State of
the Industry.”

[66] S. Cacace and Q. Semeraro, “Influence of the atomization medium on the properties of
stainless steel SLM parts,” Additive Manufacturing, vol. 36, p. 101509, Dec. 2020, doi:
10.1016/j.addma.2020.101509.

[67] A. Yadollahi, N. Shamsaei, S. M. Thompson, A. Elwany, and L. Bian, “Effects of building
orientation and heat treatment on fatigue behavior of selective laser melted 17-4 PH stainless
steel,” International Journal of Fatigue, vol. 94, pp. 218–235, Jan. 2017, doi:
10.1016/j.ijfatigue.2016.03.014.

[68] “17-4 Stainless Steel | Precipitation-Hardening Stainless Steel.”
https://www.alro.com/divsteel/metals_gridpt.aspx?gp=0125&gpn=174&Mat=STAINLESS%20STEEL&Type=Bars (accessed May 10, 2021).

109

[69] B. AlMangour and J.-M. Yang, “Understanding the deformation behavior of 17-4
precipitate hardenable stainless steel produced by direct metal laser sintering using micropillar
compression and TEM,” Int J Adv Manuf Technol, vol. 90, no. 1, pp. 119–126, Apr. 2017, doi:
10.1007/s00170-016-9367-9.

[70] I. Gibson, D. Rosen, B. Stucker, and M. Khorasani, “Binder Jetting,” in Additive
Manufacturing Technologies, I. Gibson, D. Rosen, B. Stucker, and M. Khorasani, Eds. Cham:
Springer International Publishing, 2021, pp. 237–252.

[71] “Metal Binder Jetting - Fraunhofer IFAM,” Fraunhofer Institute for Manufacturing
Technology and Advanced Materials IFAM.
https://www.ifam.fraunhofer.de/en/Profile/Locations/Bremen/Shaping_Functional_Materials/Po
wder_Technology/additive-manufacturing/metal-binder-jetting.html (accessed Apr. 08, 2021).

[72] A. Cooke and J. Slotwinski, “Properties of Metal Powders for Additive Manufacturing: A
Review of the State of the Art of Metal Powder Property Testing,” National Institute of
Standards and Technology, NIST IR 7873, Aug. 2012. doi: 10.6028/NIST.IR.7873.

[73] R. K. Holman, M. J. Cima, S. A. Uhland, and E. Sachs, “Spreading and Infiltration of
Inkjet-Printed Polymer Solution Droplets on a Porous Substrate,” Journal of Colloid and
Interface Science, vol. 249, no. 2, pp. 422–431, May 2002, doi: 10.1006/jcis.2002.8225.

110

[74] R. K. Holman, M. J. Cima, S. A. Uhland, and E. Sachs, “Spreading and Infiltration of
Inkjet-Printed Polymer Solution Droplets on a Porous Substrate,” Journal of Colloid and
Interface Science, vol. 249, no. 2, pp. 432–440, May 2002, doi: 10.1006/jcis.2002.8225.

[75] I. E. Anderson, E. M. H. White, and R. Dehoff, “Feedstock powder processing research
needs for additive manufacturing development,” Current Opinion in Solid State and Materials
Science, vol. 22, no. 1, pp. 8–15, Feb. 2018, doi: 10.1016/j.cossms.2018.01.002.

[76] S. Hoeges, A. Zwiren, and C. Schade, “Additive manufacturing using water atomized steel
powders,” Metal Powder Report, vol. 72, no. 2, pp. 111–117, Mar. 2017, doi:
10.1016/j.mprp.2017.01.004.

[77] J. Dunkley, ASM Handbook, vol. 7, ASM International (2015), pp. 58-71, revised by Chris
Schade and John J. Dunkley

[78] H. Miyanaji, M. Orth, J. M. Akbar, and L. Yang, “Process development for green part
printing using binder jetting additive manufacturing,” Front. Mech. Eng., vol. 13, no. 4, pp. 504–
512, Dec. 2018, doi: 10.1007/s11465-018-0508-8.

[79] A. Mostafaei, E. T. Hughes, C. Hilla, E. L. Stevens, and M. Chmielus, “Data on the
densification during sintering of binder jet printed samples made from water- and gas-atomized
alloy 625 powders,” Data in Brief, vol. 10, pp. 116–121, Feb. 2017, doi:
10.1016/j.dib.2016.11.078.

111

[80] R. K. Bordia and H. Camacho-Montes, “Sintering: Fundamentals and Practice,” in
Ceramics and Composites Processing Methods, N. P. Bansal and A. R. Boccaccini, Eds.
Hoboken, NJ, USA: John Wiley & Sons, Inc., 2012, pp. 1–42.

[81] “Sintering in the Powder Metallurgy Process,” Powder Metallurgy Review, Jul. 06, 2016.
https://www.pm-review.com/introduction-to-powder-metallurgy/sintering-in-the-powdermetallurgy-process/ (accessed Apr. 01, 2021).

[82] P. R. (Peter R. Baker, “Three dimensional printing with fine metal powders,” Thesis,
Massachusetts Institute of Technology, 1997.

[83] X. Ye, Y. Li, Y. Ai, and Y. Nie, “Novel powder packing theory with bimodal particle size
distribution-application in superalloy,” Advanced Powder Technology, vol. 29, no. 9, pp. 2280–
2287, Sep. 2018, doi: 10.1016/j.apt.2018.06.012.

[84] H. Wu et al., “Effect of the particle size and the debinding process on the density of alumina
ceramics fabricated by 3D printing based on stereolithography,” Ceramics International, vol. 42,
no. 15, pp. 17290–17294, Nov. 2016, doi: 10.1016/j.ceramint.2016.08.024.

[85] B. Verlee, T. Dormal, and J. Lecomte-Beckers, “Alternative Consolidation: Properties of
Sintered Parts Shaped by 3D-Printing from Bimodal 316L Stainless Steel Powder Mixtures,” in
European Congress and Exhibition on Powder Metallurgy. European PM Conference
Proceedings, Shrewsbury, United Kingdom, 2011, pp. 1–6, Accessed: Apr. 01, 2021. [Online].

112

Available:
https://search.proquest.com/docview/1115580808/abstract/D7926EA29C674D4EPQ/1.

[86] A. Kumar, Y. Bai, A. Eklund, and C. B. Williams, “Effects of Hot Isostatic Pressing on
Copper Parts Fabricated via Binder Jetting,” Procedia Manufacturing, vol. 10, pp. 935–944, Jan.
2017, doi: 10.1016/j.promfg.2017.07.084.

[87] E. O. Garzón, J. L. Alves, and R. J. Neto, “Post-process Influence of Infiltration on Binder
Jetting Technology,” in Materials Design and Applications, vol. 65, L. F. M. da Silva, Ed.
Cham: Springer International Publishing, 2017, pp. 233–255.

[88] J. Liu and M. Rynerson, “Method for article fabrication using carbohydrate binder,”
US6585930B2, Jul. 01, 2003.

[89] Feenstra, F.K.: Method for making a dental element

[90] F. F. Lange, B. V. Velamakanni, and A. G. Evans, “Method for Processing MetalReinforced Ceramic Composites,” Journal of the American Ceramic Society, vol. 73, no. 2, pp.
388–393, 1990, doi: https://doi.org/10.1111/j.1151-2916.1990.tb06523.x.

[91] C. L. Cramer, P. Nandwana, R. A. Lowden, and A. M. Elliott, “Infiltration studies of
additive manufacture of WC with Co using binder jetting and pressureless melt method,”
Additive Manufacturing, vol. 28, pp. 333–343, Aug. 2019, doi: 10.1016/j.addma.2019.04.009.

113

[92] AK Steel Data Production Bulletin, “17-4 PH Steel”
https://www.aksteel.com/sites/default/files/2018-01/174ph201706.pdf

[93] “Innovent+®.” https://www.exone.com/en-US/3D-printing-systems/metal-3dprinters/Innovent (accessed Apr. 16, 2021).

[94] Sachs, E.M. , Cima, M.J. , Caradonna, M.A. , Grau, J. , Serdy, J.G. , Saxton, P.C. , Uhland,
S.A. and Moon, J. (2003), “Jetting layers of powder and the formation of fine powder beds
thereby”, US Patent 6596224 B1

[95] “AK Steel 17-4 PH® Precipitation Hardening Stainless Steel, Condition H 900.”
http://www.matweb.com/search/datasheet.aspx?matguid=ef0844b850954281a438dc76c1e0b49e
&ckck=1 (accessed Apr. 19, 2021).

[96] H.-J. Sung, T. K. Ha, S. Ahn, and Y. W. Chang, “Powder injection molding of a 17-4 PH
stainless steel and the effect of sintering temperature on its microstructure and mechanical
properties,” Journal of Materials Processing Technology, vol. 130–131, pp. 321–327, Dec. 2002,
doi: 10.1016/S0924-0136(02)00739-2.

[97] E. Stevens, S. Schloder, E. Bono, D. Schmidt, and M. Chmielus, “Density variation in
binder jetting 3D-printed and sintered Ti-6Al-4V,” Additive Manufacturing, vol. 22, pp. 746–
752, Aug. 2018, doi: 10.1016/j.addma.2018.06.017.

114

[98]I. Rishmawi, M. Salarian, and M. Vlasea, “Tailoring green and sintered density of pure iron
parts using binder jetting additive manufacturing,” Additive Manufacturing, vol. 24, pp. 508–
520, Dec. 2018, doi: 10.1016/j.addma.2018.10.015.

[99] T. Dahmen et al., “Densification, microstructure, and mechanical properties of heat-treated
MAR-M247 fabricated by Binder Jetting,” Additive Manufacturing, vol. 39, p. 101912, Mar.
2021, doi: 10.1016/j.addma.2021.101912.

[100] K. Kendall and C. Stainton, “Adhesion and aggregation of fine particles,” Powder
Technology, vol. 121, no. 2, pp. 223–229, Nov. 2001, doi: 10.1016/S0032-5910(01)00386-2.

[101] J. Xie, H. Zhang, Y. Shao, D. Bao, H. Zhang, and J. Zhu, “Investigation of the
Performance of Fumed Silica as Flow Additive in Polyester Powder Coatings,” Coatings, vol.
10, no. 10, Art. no. 10, Oct. 2020, doi: 10.3390/coatings10100977.

[102] J. Visser, “Van der Waals and other cohesive forces affecting powder fluidization,”
Powder Technology, vol. 58, no. 1, pp. 1–10, May 1989, doi: 10.1016/0032-5910(89)80001-4.

[103] B09 Committee, “Test Methods for Flow Rate of Metal Powders Using the Hall
Flowmeter Funnel,” ASTM International. doi: 10.1520/B0213-20.

[104] Y. Bai, G. Wagner, and C. Williams, “Effect of Bimodal Powder Mixture on Powder
Packing Density and Sintered Density in Binder Jetting of Metals,” 2015. /paper/Effect-of-

115

Bimodal-Powder-Mixture-on-Powder-Packing-BaiWagner/77aa9433ca60d84837f012f7c5f33c69801e2857 (accessed May 06, 2021).

[105] A. Mostafaei, P. Rodriguez De Vecchis, I. Nettleship, and M. Chmielus, “Effect of powder
size distribution on densification and microstructural evolution of binder-jet 3D-printed alloy
625,” Materials & Design, vol. 162, pp. 375–383, Jan. 2019, doi: 10.1016/j.matdes.2018.11.051.

116

Curriculum Vita
Ahmad Abu-Issa was born in El Paso, Texas. He attended El Dorado High School in El Paso and
earned his diploma in June 2015. After high school, Ahmad enrolled at The University of Texas
at El Paso in 2015 as a mechanical engineering major and received his Bachelor of Science
Degree in Mechanical Engineering with a minor in Mathematics from the University of Texas at
El Paso in May of 2019. During his undergraduate studies, he worked as a technician for Apple
and later as a research assistant at the W.M. Keck Center for 3D Innovation. He continued
conducting research at the Keck Center throughout his graduate career where he studied metal
3D printing technologies.

Contact Information: aoabuissa@miners.utep.edu

This thesis was typed by Ahmad Abu-Issa

117

